Introduction
Plants of the genus Acourtia, with dark green lancelet leaves which bloom in February and March, and pink to white flowers in loosely branched terminal clusters, belong to the Compositae family and include around 50 species, distributed from southwestern United States of America to Honduras [1] . These plants grow as wild species and have been known for their medicinal properties since ancient times; they are locally called "pipitzahuac" and have been used in traditional medicine as a root infusion [2] . In 1852, the pharmacist Leopoldo Rio de la Loza reported a compound extracted from the roots of Acourtia plants [3] , originally known as "pipitzahoic acid", and currently named perezone.
Perezone is a sesquiterpenic benzoquinone: [2-(1,5-dimethyl-4-hexenyl)-3-hydroxy-5-methyl-1,4-benzoquinone] (Figure 1 ), and accumulates in the roots of several Acourtia species as a yellow-orange crystalline solid [4] . This compound has proved to be of great value [5] , since quinones actively participate in electron transfer processes. Their biological activity is closely related to their redox and acid-base chemistry. Perezone, which contains acidic protons, displays important electrochemical behavior.
Perezone has been used as a pigment [6] , and as a compound capable of forming transfer-charge complexes with some metals [7] . In addition, it has been useful in the design of pharmacological cardio protection strategies [8] , and is able to induce caspase-dependent and caspaseindependent cell death [9] . It has also shown antifeedant activity and toxic effects involved in plant defense-related properties [5] . Moreover, sesquiterpene quinones have been involved in TNF-α factor production [10] ; it is known that some naturally occurring quinones play an important role in cellular defense, since they effectively inhibit bacterial, fungal or parasite growth. Quinones of such properties commonly contain acidic hydrogen in their structure [11] , such as perezone.
The natural populations of Acourtia plants tend to be small and, in recent times, they have been under continuous survival risk due to changes in environmental conditions and to anthropogenic activities. Therefore, it is important to develop alternatives to conserve and propagate these plants, and to produce perezone through alternative environmentally friendly culture systems [12] . This would relieve pressure on wild populations and support germplasm conservation, adding to the possibility of studying the biosynthesis of perezone. In vitro propagation protocols and perezone production in culture systems of Acourtia plants have already received previous attention [13] [14] [15] . However, to date, a reliable method for the specific quantification of perezone does not exist. The quantification of perezone in plant tissue extracts has traditionally been done by measuring its absorbance at 400 nm, which could lead to overestimating its concentration, due to the presence of chemically related compounds [16] [17] [18] , and/or pigments like chlorophylls and carotenoids that absorb light energy at the same wavelength.
The aims of this work were: i) to study the effects of in vitro, ex vitro plant growth conditions, as well as the time of culture on the production of perezone, ii) to develop and validate a method that allows for the selective quantification of perezone, considering the specific bathochromic shift in the visible band when its anionic form is present. The anionic form derives from internal proton donors such as the (-OH) group at the C3 position, which, in the presence of strong bases gives a purple color, with intensity directly proportional to the amount of perezone. In addition, several analytical methods were applied to identify and characterize perezone in both its non-ionic and anionic forms.
Experimental Procedures

Materials
Wild Acourtia cordata (Cerv.) Turner plants with flowers, as well as seeds and roots were collected from December to March at the Environmental Education Centre "Joya de Nieves" (Figure 2a ), located at the Guadalupe Range within the Basin of Mexico. Seeds and roots were airdried immediately upon collection and stored in the dark at room temperature prior to use. The identity of the plants was confirmed by the scientific team at the Herbarium of the Escuela Nacional de Ciencias Biológicas (National School of Biological Sciences), IPN, Mexico, where a voucher specimen (Reference: FA-74) was deposited ( Figure 2b ). Analytical-grade chemicals obtained from Merck or Sigma were used in the culture media and in analytical methods. The agar was bacteriological grade and, unless specified, the cultures were maintained in a growth room at [25] [26] o C, with 16 h photoperiod, under illumination of 364 µM m -2 s -1 provided by white cold fluorescent lamps.
Germination tests
Wild plant seeds (Figure 2c ) without pappus were surface-sterilized, after rinsing with commercial soap, by soaking in 70% (v/v) ethanol for 1 min, 1.5% sodium hypochlorite for 15 min, and washed with sterile water in a laminar flow cabin. Batches of 12 seeds ( Figure 2d ) were placed in baby food jars containing 20 mL of Murashige and Skoog (MS) (50%) medium inorganic salts [19] , with 30 g L -1 sucrose, 0.7% bacteriological agar (w/v) without growth regulators, and pH 5.8; jars were previously sterilized at 10546 kg m -2 for 20 min. Seeds were considered germinated when the radicle penetrated the seed coat. Germination was recorded during 20 days, calculating the ratio of germinated seeds (%). Seedlings were allowed to grow in vitro with periodic subcultures to fresh medium. When plants were twelve weeks old with an average height of 15 cm, they were used either as a source of explants for plant morphogenesis, or in culture systems for perezone production.
Plant morphogenesis
Plant induction in vitro followed a previously established protocol [15] , briefly: internodes and leaf explants 
Perezone production by different culture systems
For time-dependent studies, sets of twelve-week-old A. cordata plants were allowed to continue their development under in vitro conditions with medium replacement every two weeks, while sets of the same plants were transferred to 300 mL pots containing a 50:50 soil-agrolite mixture, continuing their development under ex vitro conditions. Plants were grown in a growth chamber at 25-26 o C with 16 h photoperiod under 454 µM m -2 s -1 of illumination. Initially they were covered with plastic bags, which were opened gradually for plant acclimatization, and watered twice per week. 
Perezone extraction
Roots from wild plants, as well as shoots and roots of the samples collected from in vitro cultures and from ex vitro pots, were vacuum-dried immediately after measuring fresh weight, and the dry weight was registered. For each sample, after mortar milling, dry biomass was extracted three times with n-hexane, and these fractions were combined for drying after measuring the total extract volume. The extraction yield (% w/w) was calculated for each sample as the ratio of the dried n-hexane extract weight to the dry weight. In extracts obtained from dried wild plant roots, the perezone was crystallized. Crystals were filtered, vacuum-dried, weighed and kept at -4 o C in amber containers for further use as a reference standard.
Spectral analysis
The UV-Vis spectra of the standard and of the samples dissolved in n-hexane were recorded in scans from 180 to 700 nm using a Perkin-Elmer UV/VIS/NIR Lambda 19 Spectrometer. Specific perezone detection was ensured as follows: after the first scan in n-hexane, the solvent was allowed to evaporate; a second scan was recorded immediately after the addition of the same volume of 0.1 N sodium hydroxide to the dry residues and the bathochromic shift of the absorbance band was assessed in the visible region between the two spectra.
The infrared spectra of the standard and of the samples were recorded as a film using a sodium chloride support cell, in 4000 to 400 cm -1 scans, with a Perkin Elmer FT-IR SPECTRUM 2000 spectrometer.
Chromatographic analysis
HPLC elution profiles have become a powerful tool for analysis of plant extracts. Chromatograms were registered at 400 nm using a Beckman HPLC system (Model Gold) consisting of a 126 solvent module, rheodyne injector, with a 168 photodiode array UV-Vis detector, and a System Gold Nouveau integration software in a chromatography workstation. Compounds were separated using a reversed-phase LiChrosorb RP18 column (250x4 mm) with 5 µm particles size, operating in isocratic mode. Conditions established previously [14] were used for the resolution of the extracts: mobile phase consisting of acetonitrilemethanol-water in proportion 60:20:20 v/v, flow rate of 0.7 mL min -1 and injection volume 20 µL in all cases. Prior to injection, the mobile phase was filtered in a 0.45 µm membrane and degassed in a sonicator for 20 min; the column was equilibrated for one hour, and the samples as well as the standard solutions were filtered through 0.45 µm membranes.
Calorimetric analysis
The melting point of perezone used as standard was determined by Differential Scanning Calorimetry (DSC). Thermograms were obtained in a Perkin Elmer Diamond calorimeter, using 9.7 mg of sample, hold for 3.0 min at 30 o C, and heat from 30 o C to 130 o C at 10 o C min -1 , versus air.
Perezone quantification method
Due to the absence of a commercial standard, perezone crystallized from wild plant roots was used as reference standard. Characterization and degree of purity was attained by UV-Vis and IR spectrometry, as well as by HPLC and DSC analysis. The absorbance values of perezone in its non-ionic and anionic forms were measured at their λ max , and their corresponding molar absorptivity values (log ε) were calculated. In all cases, the experiments were performed in duplicate.
Standard solutions were prepared by 10 mg accurately weighed standard dissolved in 10 mL n-hexane. Concentration of the stock solution was determined when the optical density of the absorption peak at 400 nm gave a reading between 0.9 and 1.0. Solutions of nine concentration levels (0, 50, 100, 150, 200, 250, 300, 350 and 400 µg mL -1 ), were prepared by dilution of the stock with n-hexane, reading the absorbance at 400 nm. For each calibration point, after the absorbance measurement, the solvent was allowed to evaporate and the same volume of 0.1 N sodium hydroxide was then added to the residues, and absorbance measured at 540 nm. There was a duplicate for each concentration level.
The method was validated using several statistical parameters [20] , with 95% confidence intervals in all cases. Calibration curves were analyzed using a linear regression model. Correlation coefficients, residual analyses, and standard error determination were used to assess linearity. The limits of detection (LOD) and limits of quantization (LOQ) were determined. Recovery was determined by spiking extracts with standard solutions to produce 50, 75, 125 and 150% following the described procedure. Intra-and inter-day repeatability expressed in terms of relative standard deviation (RSD %) was measured using multiple preparations of the standard, and robustness was tested by the absence of changes in the bathochromic shift of the spectra when introducing changes in the extraction procedures and/or at different concentration levels.
The amount of perezone produced at time t by the unit mass (dry weight) of tissue (mg g -1 ), was calculated according with:
[P -] 540 =[(c t •v)/w] where c t was the perezone concentration (mg mL -1 ) at time t (weeks), obtained by interpolation and further calculation, v was the extract volume (mL) and w was the dry weight of the different tissues samples (g).
Statistical analysis
Analysis of variance (ANOVA) and Tukey´s multiple comparison tests were used to analyze the germination tests and influence of plant growth conditions on perezone accumulation, as well as other system variables. For statistical analysis, values expressed as a percentage were arcsine transformed. Significance level for all statistical tests was set at 5%.
Results and Discussion
Seed germination
Germination began on the second day, reaching 95% after ten days (Figure 3 ) with seedling sizes between 8 and 12 mm, which continued in vitro to an average height of 15 cm after twelve weeks. No significant differences were found in germination rate between different batches of collected seeds (P=0.502). The findings show that under in vitro conditions, seeds were capable of germinating with high efficiency (ca. 100%) in short periods of time and with practically no contamination (<1%). This represents an advantage, given that in nature many seeds are lost, germination is low, and seedlings are in most cases too fragile to resist the environmental conditions of the habitats where they grow. Therefore, in vitro germination systems represent an important approach for germplasm conservation, as well as for the establishment of propagation strategies.
Plant culture systems
In the explants derived from donor plants, callus formation started after the second week of culture in the SIM medium, showing compact consistency and green color. Sprout development was observed after the fifth week through indirect organogenesis (Figure 2f) , with an average response of 35±12%, and an average of two shoots per explant. There was practically no contamination, neither was there oxidation. The shoots elongated in the SIM media and transferred to the RIM medium developed healthy and vigorous roots (Figure 2g) , with an average efficiency of 76±4%. Fully developed plants were transferred to a free growth regulator medium continuing their growth without hyperhydricity (Figure 2h ).
Plants induced in vitro and transferred to pots successfully acclimated after six weeks under ex vitro conditions, and continued growing healthily (Figure 2i) . It is worth mentioning that much of the successful plant survival during ex vitro transfer was due to proper in vitro culture conditions. This issue is very important because acclimatization processes highly depend on the development of strong and functional plants (Figure 2j ). These culture systems offer attractive possibilities for the conservation and propagation of Acourtia plants, and provide a defined strategy for studying perezone production.
Characterization of perezone extracted from wild plants
A major constituent in the roots of wild A. cordata plants was perezone, which crystallized from n-hexane extracts (Figure 2k ). The average amount recovered was 76.5 mg of perezone g -1 of dry roots (7.65%). No reports about perezone accumulation in A. cordata plants were found in the literature; however, these findings are in good agreement with the perezone content of 5 to 6% in roots, reported for A. adnata [21] . It should be mentioned that the amount of perezone in wild plant roots may be affected by their phenology.
The analytical HPLC chromatogram (Figure 4a ) of perezone crystallized from wild plant root extracts (standard) shows a single peak at 4.20 min retention time with relative area of 99% (considered as indicative of the substance's purity). In comparison, the elution profile of the n-hexane extracts obtained from wild plant shoots (Figure 4b) shows a complex mixture of components absorbing at 400 nm, with retention times ranging from 4.17 to 14.18 min. These profiles were used as reference for analysis of the extracts obtained from the different samples.
The DSC thermogram and the first derivative curve (Figure 4c) show a single endotherm at 99°C associated with a phase change, a characteristic property of a compound. The melting point of the perezone from roots of wild A. cordata plants displays slight differences with other published data: 102-103 o C [22] , which could be due to a partial transformation of this compound into α-pipitzol and β-pipitzol as a result of the increase in the system´s temperature [17, 23] .
The IR spectrum of the perezone standard ( Figure 4d) showed: stretching frequencies for hydroxyl groups at 3305 cm -1 and methylene and methyl groups at 2976 and 2924 cm -1 respectively, the characteristic stretching band of the carbonyl group at 1648 cm -1 , and the bands corresponding to vibration of aromatic compounds at 1608 cm -1 and 1389 cm -1 . The bands present in the IR spectrum agree perfectly with the vibrational frequencies reported [7, 22, 24] .
The n-hexane UV-Vis perezone spectrum (Figure 4e) shows two major absorption peaks at 203 nm and 261 nm with molar absorptivities log ε: Infrared spectra in a 4000 to 400 cm -1 scan, e) UV-Vis spectra in n-hexane and in 0.1 N sodium hydroxide, f) Bathochromic shift in the visible band of the n-hexane spectrum due to sodium hydroxide, associated with a hyperchromic effect.
4.16 and 3.86 respectively, as well as a third band at 400 nm (log ε: 2.63), and two minima at 232 nm and 324 nm. This UV-Vis absorption spectrum agrees with the methanol spectrum reported elsewhere [7] , with maxima at 204, 266 and 410 nm, and minima at 237 nm and 326 nm. The same is valid for the molar absorptivities: 206 (log ε: 4.15), 266 (log ε: 4.05), and 412 (log ε: 3.01) [25] . The small differences observed can be explained in terms of the solvent's polarity. The band at 204-208 nm, as well as the band in the 260-266 region, may be due to an intense benzene and quinone π-π* transition, involving the benzoyl system characteristic of aromatic compounds. The very broad, low energy band at 390-415 nm provides information about the molecule's delocalization system and gives perezone its characteristic color; it may be a product of n-π* transition of the quinone carbonyl groups [11] .
The UV-Vis spectrum of the anionic form of perezone in sodium hydroxide, a strong base capable of ionizing the C3 hydroxyl groups (considering the numbering of atoms as normally followed for sesquiterpene quinones) [22] , displays molar absorptivities (log ε) of: 3.98, 3.76 and 3.05 at λ max of 225, 274, and 540 nm, respectively. A large bathochromic shift of the visible band relative to the n-hexane spectrum (from 400 to 540 nm) was observed, as well as a hyperchromic effect (Figure 4f ) associated with a change of color, from the yellow of perezone to the purple of its anionic form. This may be the result of increased delocalization in the system due to the exchange of the hydroxyl hydrogen between the two neighboring oxygen atoms. For instance, electron donor groups may cause a major absorption change at higher wavelengths, where the corresponding n-π* transition may have specific shifts, depending on the nature of the donor groups.
The identity of perezone extracted from the roots of wild A. cordata plants as well as its degree of purity, was confirmed by spectroscopic, chromatographic, and calorimetric analysis, and by comparison with literature reports. We therefore used it as a reference standard for time-dependent studies of perezone production by the culture systems of A. cordata tested herein.
Production of perezone in culture systems
The calibration curve regression data of perezone (400 nm) and of its anionic form (540 nm), showed a good linear relationship over a concentration range of 0 to 400 µg mL -1 , and adherence to Beer´s law. The values of its parameters along with their corresponding 95% confidence intervals and correlation coefficients (r 2 ) are summarized in Table 1 . The standard error was very low (0.0159 and 0.0149 respectively), and the confidence limits for the slope and for the intercept were (±6.2x10 -5 ; ±5.8x10 -5 ) and (±0.0147; ±0.0137) respectively. In both cases the null value for the intercept was part of the confidence interval.
The mean values were found at (x=200, y=0.624) and (x=200, y=0.996). The limits of detection (LOD) were 15.28 µg mL -1 and 9.05 µg mL -1 , and the limits of quantification (LOQ) were 50.9 µg mL -1 and 30.2 µg mL -1 respectively. Calibration point residuals were well distributed within acceptable limits, and no significant differences were observed in the calibration curve slopes (P>0.05) over time. Repeatability assessment using multiple preparations showed no significant intraday and inter-day variations (RSD<2%) in all tested cases. In the spiking tests, recovery was between 96 and 103%. Table 2 summarizes the behavior of two important variables: humidity (%) and extraction yield (% w/w). In vitro cultured plants kept humidity at an average of 86.2±2.4% in shoots and 90.2±2.9% in roots. No significant changes were detected as the timedependent study of cultured plants proceeded. The humidity (%) of shoots of pot-grown plants showed no change throughout the duration of the experiment. It should be mentioned here that the humidity of shoots grown ex vitro was slightly lower (average at 78.7±1.1%) compared with the humidity of shoots and roots of plants of the same age kept in vitro. However, in potgrown plants, root humidity (%) diminished significantly during acclimatization, then increased progressively as time proceeded, from 46.6±1.1% in the 6 th week to 78.9±1.9% at the end of the experiment (31 st week), showing a linear increase: y=38.54+1.44x (r=0.94). This behavior suggests that major physiological changes occur in the plant´s root system during adaptation to ex vitro conditions.
There were no significant differences among the extraction yields (% w/w) between in vitro and ex vitro culture systems throughout the times monitored (P>0.05). In addition, no significant differences were found among shoots and roots of plants kept in vitro (6.2±0.82% and 5.8±2.8% respectively). However, at all harvesting times, the extraction yields from plants kept in vitro were slightly higher when compared with the corresponding tissues in plants growing ex vitro (3.3±1.7% and 4.3±0.8% respectively), probably due to hardiness processes.
The amount of perezone and compounds absorbing at 400 nm: [P+C] 400 , as well as perezone in its anionic form absorbing at 540 nm: [P - ] 540 , are shown in Table 3 . The results indicate that in plants maintained in vitro the amount of perezone was low, with no significant change as culture time progressed: 0.19±0.11 mg g -1 dry weight in shoots, representing 0.022% of the compounds absorbing at 400 nm, whose levels were 63±19 mg g -1 dry weight (100% of the n-hexane extract), and 5.21±3.1 mg g -1 dry weight in roots, equivalent in this case to 100% of the compounds absorbing at 400 nm, which means that in roots the absorbance at 400 nm was virtually all due to perezone. No significant differences were found between the amount of perezone in plants growing in vitro developed from seed germination and in plants induced through morphogenesis, suggesting that once a plant is formed, its metabolism remains the same.
In shoots of pot-grown plants, the amount of perezone was low as well: 0.21±0.11 mg g -1 dry weight, equivalent to 0.64% of the compounds absorbing at 400 nm, whose levels were 31±7.7 mg g -1 dry weight, with no significant change as harvest time progressed. In contrast, after acclimatization (6 th week), the roots of pot-grown plants showed a logarithmic increase (log y=-2.85+3.02log x; r=0.99) in the amount of perezone, from 2.4±0.15 mg g -1 dry weight (0.24%) in the 12 th week, to 43.6±1.7 mg g -1 dry weight (4.4%) at the end of the experiment (31 st week). The same logarithmic behavior was found in the proportion of perezone with respect to the compounds absorbing at 400 nm: from 8.8% to 100%. This last value was reached and kept from the 18 th week on ( Figure 5a and Table 3 ). These findings were confirmed by comparing the HPLC elution profiles between the root extracts of plants kept in vitro during 18 weeks (Figure 5b ), which showed a complex profile with several compounds at retention times ranging from 1 to 8 min, where the signal at 4.20 min was low, suggesting that perezone is mixed with other compounds; the root extracts of potgrown plants during the same period of time (Figure 5c ), where a single peak at retention time of 4.21 min with 90% relative area of the injected sample, showed the presence of perezone mainly. In addition, in the UV-Vis spectrum of the root extract in n-hexane (Figure 5d ), the molar absorptivities (log ε) were: 4.11, 3.75 and 2.56 at λ max of 203, 261 and 400 nm, respectively, with two minima at 232 nm and 324 nm, coinciding with the UV-Vis spectrum of the perezone standard. Figure 6 shows the IR spectra of extracts from shoots (6a and 6c) and roots (6b and 6d) of 6-week-old plants cultured in vitro and ex vitro, respectively, the spectra of shoot extracts from 18-week-old plants grown in vitro and in pots (6e and 6g), and the spectrum of root extracts of 18-week-old plants kept in vitro (6f), none of which showed a perezone fingerprint. In contrast, the IR spectrum (6h) of root extracts from pot-grown plants displayed a high degree of similarity in the region of functional groups, as well as in the region known as the fingerprint, when compared with the IR spectrum of the standard. Slight variations observed could be due to purity, since the extracts probably contained small amounts of related compounds. Therefore, the accumulation of perezone in the roots of pot-grown plants was confirmed from the 18 th week on. Even if perezone could be obtained from roots of wild plants, there are certain drawbacks, namely the high environmental costs. The results presented herein confirm the accumulation of perezone in A. cordata plants after their transfer to pots, where the amount of perezone in roots reached an average of 43.6 mg g -1 dry weight with a high degree of purity (90%) after 31 weeks, which is qualitative and quantitatively comparable to wild plants. However, perezone was detected in both roots of in vitro cultured plants, and in shoots in vitro and ex vitro, which suggests that perezone might be synthesized in photosynthetic tissues, and that the conditions that prevail in soil may play a key role in the accumulation of perezone in roots. In conclusion, in this work a novel procedure that enables the specific detection and quantification of perezone in its anionic form is proposed, where sodium hydroxide turns out to be a useful diagnostic reagent for the detection of free hydroxyl groups adjacent to carbonyl groups. Furthermore, the proposed method yields information about the relative proportion of perezone among compounds absorbing at 400 nm.
Additionally, the present findings show the feasibility of using in vitro culture systems to propagate and conserve the Acourtia germplasm, increasing the efficiency of seed germination. Therefore, the application of micropropagation protocols could be a valid tool to obtain a high number of ex vitro plants which can be used to extract the perezone at levels comparable to those obtained from wild plants. This makes the production of perezone through biotechnological methods possible, and enables its use in the wide range of applications described before, with no costs for the environment.
